In this work, the LPG-assisted fibre Michelson modal interferometer is studied as a sensing structure for environmental refractive index, temperature and liquid level when coherence addressing and heterodyne interrogation are considered. The effects on measurand sensitivity of the order of the cladding mode excited by the LPG, of the degree of etching of the sensing fibre and of the fibre type used are investigated.
INTRODUCTION
The measurement of chemical and biochemical parameters in diversified environments is recognized to be an increasingly important challenge for sensing technologies and, in particular, for those based in optics [1] . Within this group, the utilization of optical fibres as intrinsic sensing elements is highly attractive due to their small size and possibility of remote and multiplexed operation [2] .
Optical fibre sensing of chemical and biochemical measurands relies on two fundamental concepts, namely fluorescence and evanescent field interaction. The last one is based on the partial evanescent overlap of a guided electromagnetic wave with a medium that has a refractive index that changes with variations of the parameter under measurement, being these changes measured interferometrically. Therefore, focus has been placed on R&D of fibre interferometric configurations that maximize the light sensitivity to the medium refractive index variations and minimize the intrinsic sensitivity to other parameters, mostly temperature. Within this context, modal interferometers are very attractive, particularly those with the reference path along the fibre core and the sensing path associated to a specific cladding mode excited by a Long Period Grating (LPG). The most common structure of this type is based on the MachZehnder configuration: a second equal LPG is impressed down the fibre to induce interference between the core and the selected cladding mode [3] . This interferometric device is appellative to environmental sensing not only because of its reduced thermal sensitivity (the thermo-optic coefficients of the core and cladding modes are not substantially different), but also because over a certain extent it is possible to tune the device sensitivity to refractive index variations of the fibre surrounding medium by selecting the order of the cladding mode to be excited.
It is also possible to have an LPG-assisted modal interferometer with a Michelson configuration when the light is forced to cross the LPG twice by mirroring the fibre end-face after the grating. This structure, which was proposed and studied by Swart et al [4, 5] , is attractive in view of its simplicity (operation in reflection) and increased interaction length, but also because it shows a better adequacy to sensor multiplexing in several situations. Therefore, in this work we explore further the intrinsic properties of this sensing structure for environmental refractive index, temperature and liquid level measurement. The effects of selecting different cladding modes, of etching the fibre and of using silica core fibres are studied in the context of sensitive phase demodulation using an interferometric heterodyne interrogation approach. Looking forward to multiplexing applications, the fibre modal interferometer is addressed in coherence through the utilisation of a receiver Michelson interferometer that supports the required optical signal processing for heterodyne interrogation.
EXPERIMENTAL
The experimental set-up is represented in Figure 1 . Light from a super-luminescent diode (SLD), operating at 1320 nm with a FWHM spectral width of ~ 35 nm (coherence length L c ≈33 µm), is injected into the system. After crossing a 50-50 routing coupler, roughly half of the input power is guided to the LPG-assisted fibre modal Michelson interferometer. The LPG couples a fraction of this light to a specific cladding mode, whereas the remaining light keeps propagating in the fibre core. At the fibre end a silver thin film reflects the light back to the LPG, which induces again cross-coupling uqex AJscpiu between the core and cladding modes. In particular, the light that propagates down the core fibre has contributions from the light that propagated in the core and in the cladding modes at the sensing region, which accumulates a differential optical path delay (much larger than L c ) that is dependent on the measurand action. To detect the phase changes in the fibre Michelson modal interferometer a second interferometer was built to implement coherence reading [6, 7] . This is a conventional fibre Michelson interferometer with an open air path in one of its arms, which is adjusted to match the optical path difference of the sensing interferometer. The fibre in the other arm of the receiving interferometer is wrapped around a ring-shaped PZT that is modulated with an electrical sawtooth waveform with an amplitude adjusted to obtain a signal at the photodetection suitable for pseudo-heterodyne processing. After adequate electronic filtering, this signal has the form of an electric carrier (frequency of ~ 90 Hz), with a phase that mirrors the optical phase of the tandem interferometric system. This pseudo-heterodyne processing technique is known to provide sensitive interferometric phase reading [8, 9] .
The LPG was fabricated in-house using an electric-arc technique [10] . The period of the refractive index modulation was 439 µm, a value chosen to produce a resonance wavelength at approximately 1320 nm. This resonance wavelength corresponds to the 4 th cladding mode. To have assess to other cladding modes with resonances that match the SLD central wavelength, gratings with other periods were fabricated, particularly with periods of 475 µm and 395 µm, corresponding to the 3 rd and 5 th cladding modes, respectively. The length of the sensing fibre was ~150 mm, measured from the middle of the LPG up to the fibre end. To further evaluate the effect of the cladding diameter, two additional sensing heads with length of 90 mm and operating with the 4 th cladding mode were fabricated, being one of them HF etched to reduce the fibre diameter from 125 µm down to 70 µm. Finally, a sensing head was fabricated in a SMPS1300-125 silica core fibre, where a LPG with a period of 730 µm was impressed (90 mm sensing length). In all cases, the fibre buffer layer was removed.
The sensing characteristics of these structures were studied, particularly for the case of the measurement of refractive index of liquids, but also for liquid level and liquid temperature. The schematic of the set-up used for these measurements is shown in Figure 1 . In every experiment, the contact of the LPG with the liquid was prevented. Figure 2-b) illustrates the enhancement effect of the fibre diameter on the measurement sensitivity. It can be observed that the fibre with an external diameter of 70 µm has an improved sensitivity response (factor of ~ 2.7) comparatively to the 125 µm standard case [11] . For the situation represented in this figure, the readout system resolution was determined by using the results given in Figure 2-d) . From the phase steps obtained under the indicated refractive index variations, and considering also the rms values of the phase noise fluctuations, in the refractive index region around 1.42, it turns out resolution values of 9.0x10 -5 and 4.6x10 -5 for the standard and etched fibres, respectively.
It was mentioned before that one of the advantages of the fibre modal interferometers is their reduced sensitivity to temperature when compared with a standard fibre interferometer. To confirm this statement, the phase variations induced by changes of the liquid temperature were registered for the sensing head with 150 mm and operating with the 3 rd and 5 th cladding modes. As can be observed in Figure 2 -c), the temperature sensitivity is similar for both modes and is ~ 9.0 degrees/ºC, which translates into a normalized result of ~2.35 rad/ºCm. For comparison, the temperature sensitivity of a standard two-wave singlemode interferometer is ~100 rad/ ºCm, a value substantially higher. Figure 3 shows the phase shift induced in the sensing head by refractive index and temperature variations when silica core fibre was used. It is clear that, comparatively to the utilization of standard SMF28 fibre, the utilization of this type of fibre further enhances the sensitivity to refractive index variations (factor of 1.4 in the refractive index region around 1.41). Another positive effect of using silica core fibre is an extra reduction of the sensing head thermal sensitivity (reduction by a factor of ~ 2.5). In view of the system sensitivity to refractive index variations, the configuration shown in Figure 1 was also tested for the measurement of liquid level. To simulate this functionality, the sensing length was immersed gradually into the liquid (water) and the phase variation was registered accordingly. The results are shown in Figure 4 The most direct feature that can be obtained from the analysis of Figure 4 is the linear dependence, in all situations, of the interferometric system phase shift variations with the immersion depth. As expected, the sensitivity increases with the increase of the cladding order mode that is excited by the LPG. Indeed, from Figure 4 -a) sensitivity slopes of 1.9 degrees/mm, 2. 9 degrees/mm and 3.6 degrees/mm are obtained for the 3 rd , 4 th and 5 th cladding order modes, respectively. On the other hand, the analysis of Figure 4-b) indicates that the utilization of silica core fibre increases residually the sensitivity (to the value of 3.3 degrees/mm), but the largest effect appears when the sensing length is etched. The reduction of the fibre diameter from 125 µm down to 70 µm increases the immersion depth sensitivity to the value of 8.2 degrees/mm 1 .
CONCLUSIONS
This work reports the investigation on the sensing properties of LPG-assisted fibre Michelson modal interferometers addressed in coherence and interrogated using an heterodyne phase detection technique. The target measurement parameters were the refractive index of liquids surrounding the sensing fibre, their temperature and level. The effects on the measurand readout sensitivity of the order of the excited cladding mode and of the diameter of the cladding layer were researched, as well as the influence of utilization of silica core fibre in the sensing length instead of standard singlemode fibre. The obtained results demonstrate the high performance operation of the sensing system, constituting an interesting option for remote measurement of a large spectrum of parameters.
